Abstract Widespread deposition of TAR DNA-binding protein of 43 kDa (TDP-43), a major protein inclusion commonly found in frontotemporal lobar degeneration (FTLD) and amyotrophic lateral sclerosis (ALS) can also be seen in a subset of cases with Alzheimer's disease (AD). Some of these AD cases have TDP-43 immunoreactivity in basal ganglia (BG) and substantia nigra (SN), regions that when affected can be associated with parkinsonian signs or symptoms, or even features suggestive of frontotemporal dementia. Here, we examined the presence of clinical features of FTLD, parkinsonian signs and symptoms, and BG atrophy on MRI, in 51 pathologically confirmed AD cases (Braak neurofibrillary tangle stage IV-VI) with widespread TDP-43 deposition, with and without BG and SN involvement. All 51 cases had presented with progressive cognitive impairment with prominent memory deficits. None of the patients demonstrated early behavioral disinhibition, apathy, loss of empathy, stereotyped behavior, hyperorality, and/or executive deficits. Furthermore, TDP-43 deposition in BG or SN had no significant association with tremor (p = 0.80), rigidity (p = 0.19), bradykinesia (p = 0.19), and gait/postural instability (p = 0.39). Volumes of the BG structures were not associated with TDP-43 deposition in the BG. The present study demonstrates that TDP-43 deposition in pathologically confirmed AD cases is not associated with a clinical manifestation suggestive of FTLD, or parkinsonian features.
Introduction
The TAR DNA-binding protein of 43 kDa (TDP-43) is a major protein inclusion commonly found in frontotemporal lobar degeneration (FTLD) and amyotrophic lateral sclerosis (ALS) [1] . However, TDP-43 can also be seen in other neurodegenerative diseases, including Alzheimer's disease (AD) [2] . TDP-43 is present in 19-57 % of AD cases [3] . We and others have previously demonstrated that AD cases can have coexisting widespread TDP-43 pathology affecting the amygdala, hippocampus, entorhinal cortex, and temporal, frontal and parietal neocortices [4] [5] [6] . Our recent study showed that TDP-43 deposition in AD occurs in a stereotypic fashion over five distinctive stages [3] . The accumulation of TDP-43 is first noted in the amygdala (stage I) followed by entorhinal cortex and subiculum (stage II). The TDP-43 deposition then spreads to hippocampal dentate gyrus and occipitotemporal cortex (stage III), and eventually involves temporal (stage IV) and frontal neocortices and basal ganglia (stage V). Interestingly, a similar pattern of widespread TDP-43 immunoreactivity involving frontotemporal cortex and basal ganglia is seen in FTLD [7] . Therefore, the presence of TDP-43 in AD, particularly stages IV and V, could indicate concomitant FTLD. If this were the case, we would expect that features suggestive of FTLD should be present in those AD cases with widespread TDP-43. Here, we assessed for the presence of clinical features suggestive of FTLD, in a large cohort of AD cases with widespread TDP-43 deposition. Given that some of the cases with widespread TDP-43 also had TDP-43 deposited in the basal ganglia (BG) and substantia nigra (SN), we also determined whether TDP-43 deposition in the BG and SN are associated with parkinsonian features, and whether TDP-43 deposition in the BG is associated with BG atrophy on MRI.
Methods
One hundred and ninety-five cases with a pathological diagnosis of intermediate-high probability AD [8] (Braak neurofibrillary tangle stage IV-VI) and TDP-43 immunoreactivity were reviewed to identify cases in which TDP-43 deposition was widespread as in FTLD and affected immunoreactivity in amygdala, entorhinal cortex, dentate granule cells of the hippocampus, occipitotemporal cortex and inferior temporal or frontal cortex (Fig. 1) . Therefore, only TDP-43 stages IV and V cases were included. Cases in which TDP-43 immunoreactivity was not widespread and hence focal or limited (stages I-III) were excluded from further analysis. Fifty-one of the 195 AD cases with TDP-43 met criteria and had widespread deposition, as shown in the Fig. 1 . All 51 cases were reviewed via light microscopy using a multi-headed microscope, by two investigators (DWD, KAJ), to determine whether TDP-43 deposition was also present in BG or SN (Fig. 1 ).
All 51 cases had been evaluated at Mayo Clinic, Rochester, MN, by a board certified behavioral neurologist. All were prospectively enrolled and followed longitudinally in our Alzheimer's Disease Research Center between 1996 and 2012, and had come to autopsy. The medical records, including initial and subsequent clinical assessments, comprehensive neurologic exam by expert behavioral neurologists, and neuropsychometric assessments, were reviewed for the presence of clinical features suggestive of FTLD, in accordance with recently proposed diagnostic criteria [9] . The following clinical features were assessed: early behavioral disinhibition, apathy, loss of empathy, stereotyped behavior, hyperorality, and/or executive deficits. In addition, the presence of parkinsonian features, including resting tremor, cogwheel rigidity, limb bradykinesia, and gait/postural instability were assessed.
Of the 51 cases, 38 had undergone a volumetric MRI during life using a standardized protocol. If more than one MRI was available, then the MRI closest to death was selected for analysis. All images underwent pre-processing correction for gradient non-linearity and intensity nonuniformity. Atlas-based parcellation using SPM5 and the automated anatomical labeling (AAL) atlas were used to calculate volumes of the basal ganglia (caudate nucleus, putamen and globus pallidus). Total intracranial volume (TIV) was calculated by propagating a template-drawn TIV mask to subject space using SPM5. All regional volumes were scaled by TIV to correct for head size. Chi square tests were performed to compare clinical features across subjects with and without BG or SN TDP-43 deposition. Mann-Whitney U tests were used to compare basal ganglia volumes across both groups. All statistical analysis was performed utilizing JMP software, version 9.0 (SAS Institute Inc, Cary, NC). A p value \0.05 was considered statistically significant. This study was approved by the Mayo Clinic IRB. Informed consent was obtained from both the patients and their family members or significant others.
Results
The participants included 32 women and 19 men with median age at death of 88.2 years (interquartile range 83.4-92.6). All 51 subjects had presented with progressive cognitive impairment with prominent memory deficits that were evident on clinical assessment and neuropsychometric studies. Based on clinical presentation, all participants were diagnosed with Alzheimer's dementia. None of the individuals presented with behavioral disinhibition (i.e. socially inappropriate behavior, impulsivity, loss of manner), apathy, loss of empathy, stereotyped behavior, hyperorality, and/or executive deficits. None of the participants received a presenting diagnosis of frontotemporal dementia. Fourteen subjects developed behavioral dyscontrol, such as hypersexuality, socially embarrassing behavior, and aggression, at later stages of the disease. One exhibited apathy 5 years after initial diagnosis, and two developed significant aphasia. However, none received a clinical diagnosis of frontotemporal dementia prior to death. None had a positive family history of FTLD or of amyotrophic lateral sclerosis. The distribution of TDP-43 deposition did not differ between the participants with and without late behavioral symptoms or language deficits.
Of the 51 participants, 25 showed TDP-43 deposition in BG or SN. Eleven showed TDP-43 deposition in both the BG and SN, while 13 showed TDP-43 deposition in SN only and one showed TDP-43 deposition in BG only. The group of 25 subjects with BG or SN deposition did not differ from the individuals without BG or SN deposition in age at death (88.4, 83.6-91.7 vs 88.1, 83.6-93.4, p = 0.30) or female gender (64 % vs. 62 %, p = 0.86). The group of 25 participants with BG or SN deposition had no significant association with parkinsonian features, including tremor (p = 0.80), rigidity (p = 0.19), bradykinesia (p = 0.19), and gait/postural instability (p = 0.39). Volumes of the caudate nucleus, putamen and globus pallidus did not differ between the participants with TDP-43 deposition in the BG versus those without deposition in the BG (Table 1) .
Discussion
The present study demonstrates that TDP-43 deposition in pathologically confirmed AD is not associated with the clinical manifestation of FTLD or with Parkinsonism.
Previous studies of TDP-43 in AD have not reported clinical features of FTLD [10, 11] . However, those studies were limited since they included cases with any regional TDP-43 deposition, i.e. the majority did not have widespread TDP-43 deposition typical of FTLD. The lack of clinical features of FTLD therefore suggests that TDP-43 deposition in AD does not simply represent a combination of typical FTLD and AD. It is unlikely that the AD pathology is completely masking any FTLD associated clinical features in all of our 51 participants. Furthermore, in two of our previous studies [11, 12] , imaging analysis did not identify patterns of atrophy suggestive of typical FTLD. Although some of our participants later developed behavioral changes that are commonly associated with FTLD, these symptoms are not uncommonly observed in patients with late stages of AD [13] , suggesting that these features are not likely related to the late presentation of FTLD in these subjects.
We also did not find any association between TDP-43 deposition in the BG or SN and Parkinsonism. This is interesting since Parkinsonism in any setting is associated with involvement of these two structures [14] . TDP-43 deposition in the BG and SN is therefore unlikely to be associated with any significant, concomitant neuronal loss in these two structures, in keeping with the fact that volumes of the BG structures were not significantly reduced in those who had TDP-43 deposition in the BG. Interestingly, all participants in this study had presented with memory loss consistent with Alzheimer's dementia. In fact, all participants were evaluated by an expert behavioral neurologist, and all were diagnosed as having Alzheimer's dementia. There are two possible explanations for our findings. First, the presence of TDP-43 in AD is clinically silent, i.e. TDP-43 is not associated with any clinical manifestations. This has been shown not to be the case. While TDP-43 is not associated with FTLD clinical features, it is in fact associated with memory loss, as recently demonstrated [12] . We have previously compared TDP-43 positive AD subjects with TDP-43 negative AD subjects in regards to their cognition and pathological and neuroimaging features. Intriguingly, TDP-43 positive subjects scored worse on Mini-Mental State Examination, Clinical Dementia Rating Scale Sum of Boxes, the memory subscore of the Dementia Rating Scale, and the Boston Naming Test than TDP-43 negative subjects, even after correcting for higher Braak stage, apolipoprotein e4, Lewy bodies, and hippocampal sclerosis. Furthermore, TDP-43 positive AD subjects had greater medial temporal atrophy in comparison to TDP-43 negative subjects. These findings were also more prominent in patients with higher TDP-43 burden in the dentate cell layer of the hippocampus and in those with more widespread distribution of TDP-43. In accordance with our current findings, however, scores on Neuropsychiatric Inventory Questionnaire, a measure of behavioral impairment, did not differ between the two groups. Collectively, the results from our previous and current studies suggest that TDP-43 strongly influences features that are associated with AD, including memory loss and medial temporal atrophy, but not behavioral features that are associated with FTLD.
In AD cases with coexisting TDP-43, the true effect of TDP-43 is likely being ''masked'' by the presence of other AD associated pathological changes, such as tau, that are also strongly associated with memory loss [15] . This does not necessarily mean that the TDP-43 associated memory loss is always eclipsed by the other AD pathology associated memory loss. In some instances, it is quite possible that the presenting memory loss is attributable to TDP-43, more so than the other AD pathologies. Given that some patients with AD pathology in the absence of TDP-43 pathology have normal cognitive function, and the differences in memory impairment between TDP-43 negative and TDP-43 positive subjects are more prominent at lower Braak stages [12] , TDP-43 may be more ''important'' in the earlier stages of AD. More specifically, although TDP-43 has an effect at all stages, the effect of tau and other AD pathologies is so great at later stages that any effect of TDP-43 is relegated to no longer being significant [12] . On the other hand, the TDP-43 effect becomes more important at earlier stages when the influence of the other AD pathologies is less prominent. Further studies examining the roles of TDP-43 in AD progression will be crucial from a prognostic and therapeutic standpoint as this may provide a potential therapeutic target in the future.
